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A huge positive magnetoresistance effect has been discovered in MnSb granular films. Granular film
consisting of nanoscale MnSb dots that are grown on a sulfur-passivated GaAs~001! substrate by
molecular-beam epitaxy, then covered with an Sb thin layer, exhibits magnetic-field-sensitive
current–voltage characteristics. When a constant voltage, above the threshold value, is applied to
the film, more than 1000% change in the current, which we termmagnetoresistive switch, is driven
by the magnetoresistance effect under a relatively low magnetic field~l ss than 0.5 T! at room




















































theMagnetoresistance~MR! effect has been intensivel
studied in recent years with a view to its application in va
ous electronic devices. Positive MR effect of a tw
dimensional electron gas with high mobility observed
III–V based semiconductor heterostructures has been in
tigated for magnetic sensors in automotive technology.1 In
particular, the discovery of the giant~negative! MR effect
caused by a spin-dependent scattering in metallic multilay
has stimulated a lot of interest in the underlying physics,
well as in applications such as magnetic data stor
devices.2,3 Since the giant MR effect depends on the com
nation of component materials, similar effects have be
found in other structures, such as granular films4–7 and tun-
neling junctions.8
In addition, MR effects intrinsic to a material, whic
should be distinguished from the above-mentioned MR
fects, have been widely investigated. Examples include
so-called colossal MR of nonstoichiometric EuO9 and
mixed-valence manganese perovskites.10 Research on colos
sal MR has been quite active in the manganites,11 because
these materials show an even larger MR effect~more than a
thousandfold change! than the above-mentioned giant M
effect ~100% at most!. Recently, the research field of hybr
ferromagnet-semiconductor structures has emerged.12–17 A
large negative MR, three orders of magnitude, was repo
in ErAs:GaAs nanocomposites.18 The intrinsic MR effects
and the extrinsic MR effects in the hybrid structures, ho
ever, only occur under large magnetic fields and/or low te
peratures.
Here, we report a material showing more than 100
positive MR effect under a low magnetic field, even at roo
temperature. The magnetoresistive switch effect driven
the huge MR effect is observed in manganese antimon
MnSb, granular films. MnSb is a metal of the NiAs-typ
crystal structure and shows ferromagnetic transition
around 600 K.19 MnSb dots were fabricated on sulfu
passivated semi-insulating (.13107 V cm! GaAs ~001!
a!Electronic mail: akinaga@jrcat.or.jp3570003-6951/2000/76(3)/357/3/$17.00















substrates by molecular-beam epitaxy~MBE!. The surface
termination by group-VI elements, by sulfur in the prese
study, is one of the well-known techniques to fabricate d
structures on the GaAs substrate.20 The deposited MnSb
forms planoconvex dots on the substrate as shown in Fig
The typical diameter and the height of a dot are 20 and 3
nm, respectively. The MnSb dots were covered with an
thin layer in the MBE chamber. The growth procedure w
be reported in detail elsewhere.21 In this letter, the discussion
will focus on the MR effects of MnSb granular films. MR
properties of granular film with the nominal MnSb thickne
of 0.2 nm are introduced.22 After unloading the granular film
from the MBE chamber, transport measurements of the fi
were performed at room temperature in air. The electric c
tacts were made by indium solder or gold paste. Magnet
tion measurements indicated that the granular film includ
MnSb dots was superparamagnetic at room temperature
The current–voltage~I–V! characteristics of the films
were measured by a two-probe method. The voltage
swept quasistatically.23 The magnetic field up to 1.5 T wa
applied parallel to the film plane. TheI–V curves are non-
linear ~nonohmic!, and the curve is abruptly switched from
the low-current~high-resistance! state to the high-curren
~low-resistance! state at 52 V in the increase-voltage sc
under zero magnetic field, as shown in Fig. 2~a!. The transi-
tion shows the hysteretic behavior in the decreasing-volt
scan. When the magnetic field of 1.5 T is applied to the fil
the transition driven by the applied voltage disappears. T
figure shows that the switch of two resistive states can
achieved not only by an electric field~voltage!, but also by a
magnetic field. Since the current change above the thres
voltage is extremely large, the observed decrease of the
rent ~the increase of the resistance! by the magnetic field
~i.e., the positive MR effect!, which we term the magnetore
sistive switch effect, is drastic. For example, the switch ra
at the constant voltage of 80 V, defined in this report
DI /I (H)5(I (0)2I (H))/I (H), reaches about 3500%~H
51.5 T!.
The present huge magnetoresistive switch effect is
tremely sensitive to the nominal thickness of MnSb and© 2000 American Institute of Physics

























































358 Appl. Phys. Lett., Vol. 76, No. 3, 17 January 2000 Akinaga et al.topological features of the granular film, such as the size
MnSb dots. We grew the granular films with the nomin
MnSb thicknesses from 0 to 1.4 nm. The magnetoresis
switch effect was, however, observed only in the thickn
range between 0.2 and 0.7 nm. In this range, no dist
change in the size of MnSb dots was observed, but the d
sity of the dots increased with the increase of the nom
MnSb thickness.21 When the nominal MnSb thickness wa
more than 1 nm, the granular films showed lower resista
with no anomalousI–V behavior, but anisotropic MR effec
~a few % at most! was observed. Furthermore, even when
nominal MnSb thickness is 0.7 nm, the switch effect did n
appear in the case where the average size of the do
larger, for example two times larger, than that of the pres
film. These facts indicate that the existence of MnSb d
with the peculiar topological conduction plays a crucial ro
in the magnetoresistive switch effect. In the present fi
when the voltage was applied in the opposite direction,
I–V curve was also nonlinear, but the switch ratio w
smaller~about 30%! and the hysteretic behavior did not a
pear up to 80 V. The reason for the asymmetric behavio
thought to be due to the imhomogeneity of the granular fi
but this has not yet been fully investigated.
To further clarify the phenomenological characterist
of the magnetoresistive switch effect, the magnetic field
FIG. 1. ~Color! Nanoscale MnSb dots grown on a sulfur-passivated Ga
~001! substrate, then covered by a Sb cap layer of 3 nm. The nominal M
thickness of the granular film is 0.2 nm.~a! Typical atomic force micros-
copy image of the MnSb granular film.~b! Typical high-resolution cross-
sectional transmission electron microscopy~TEM! image of the MnSb



















pendence of the resistance and the current of the M
granular film were measured. The sweep rate of the magn
field was kept at about 0.2 T/min for all measurements p
sented in Fig. 3. The measurement was carried out by ap
ing a constant voltage,V2p, indicated in each figure. As
shown in Fig. 3~a!, when the constant voltage of 68 V i
applied, the two-probe resistance,V2p/I , rises by more than
one order of magnitude from the low-resistance state. T
resistance-increase finishes at around 0.5 T. The resist
explosion is also observed in the four-probe resistan
V4p/I @Fig. 3~b!#. The MR ratio of the four-probe resistanc
is smaller than that of the two-probe resistance, but still m
than 200%. This fact shows that the magnetoresistive sw
effect is the intrinsic property of the MnSb granular film. Th
enhancement of the MR ratio in the two-probe configurat
may indicate that the voltage drop mainly takes place n
the electric contacts. Generally, the MR behavior of granu
materials is described by the square of the magnetizati5
The curvature of the magnetic field dependence of the c
rent is well expressed by the relationship@Fig. 3~c!#. There-
fore, it is reasonable to consider that the switch effect ari
from the existence of MnSb dots in the granular film. T
driving force of the switch operation seems to be coup
strongly with the magnetization reversal of MnSb dots. T
magnetoresistive switch effect becomes more magnetic-fi
sensitive, when the constant voltage is set at the hyste
region, as is seen in Fig. 3~d!. The resistance rise by th
s
b
FIG. 2. ~Color! ~a! Current–voltage~I–V! characteristics of the MnSb
granular film with the nominal MnSb thickness of 0.2 nm. TheI–V curves
were measured at room temperature by a two-probe method. The cu
measured under 0 and 1.5 T are indicated by blue and red lines. The s
directions of up and down represent the increase and the decrease o
voltage, and they are shown by deep and light colors, respectively.
arrows beside the hysteresis indicate the scan direction.~b! The sample of
the MnSb granular film which was used for transport measurements.
emerged voltages in two- and four-probe configurations are referred t


































































359Appl. Phys. Lett., Vol. 76, No. 3, 17 January 2000 Akinaga et al.applied magnetic field is much faster than the magnetiza
evolution. The transition is almost completed at 0.08 T. T
noisy behavior, observed in MR curves of Fig. 3~a!, indicat-
ing temporal fluctuations between high and low resista
states, disappears in the MR curve observed in the hyste
region. Since this switch effect is not revertible, the Mn
granular film may have some potential for the application
devices with memory functions.
Two important questions remain to be considered,
physical origin of the switch effect and the segment wh
the switch operation occurs. Several spin-dependent tr
port models have been constructed to understand the n
tive MR in various granular materials.3–6,14,18However, no
established model can relate the positive MR of the mag
toresistive switch effect. The observedI–V curve reminds us
of a junction showing an electric breakdown above a thre
old voltage. Given that the applied magnetic field resto
the junction from the breakdown, one possibility is to a
sume that this behavior is due to a Coulomb blockade ef
where the spin-dependent Coulomb gap is enlarged b
magnetization alignment of MnSb dots. The underlyi
physics of the restoration is still under investigation. A
though bulk Sb is~semi-! metallic, the resistance of the S
FIG. 3. ~Color! The magnetoresistive switch effect observed at room te
perature in the MnSb granular film with the nominal MnSb thickness of
nm. Magnetic fields were applied parallel to the film plane. The sw
direction of the magnetic field was first from zero to plus 1.5 T, second fr
plus 1.5 T to minus 1.5 T, and last from minus 1.5 T to zero. The sweep
was kept at about 0.2 T/min.~a! The magnetic field dependence of th
two-probe resistance, V2p/I . DR/R(0)5@R(1.5T)2R(0)#/R(0)
'2400%, DR/R(1.5T)'96%. ~b! The magnetic field dependence of th
four-probe resistance,V4p/I . DR/R(0)'260%. The four-probe measure
ment was carried out by applying the constant voltage of 68 V.~c! The
comparison of the magnetic field dependence of the current~ d lines! with
the curvature of the square magnetization normalized by the saturation
netization,Ms, ~open circles!. ~d! Irreversible two-probe magnetoresistan
change observed when the constant voltage was settled in the hyst
region of theI–V curve. The arrow indicates the sweep direction of t















cap layer, namely the granular film with zero nominal thic
ness of MnSb, was very high. The assignment of the swit
ing segment has not yet been successfully done, but the
gin of junctions may be attributable to the Sb thin cap lay
The contribution of the interface between MnSb dots and
sulfur-passivated GaAs to the transport property needs
ther investigation. Nevertheless, the MnSb granular fi
showing the magnetoresistive switching effect affords gr
promise in terms of applications. First, the fabrication of th
material is fully compatible with the fabrication o
semiconductor-based devices. Second, since the magn
field sensitivity of the switch effect is not limited by th
intrinsic material properties of MnSb, the sensitivity can
further improved.
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